Recently, atypical static features of microstructural ordering in low-salinity lysozyme protein solutions have been extensively explored experimentally and explained theoretically based on a short-range attractive plus long-range repulsive (SALR) interaction potential. However, the protein dynamics and the relationship to the atypical SALR structure remain to be demonstrated. Here, the applicability of semi-analytic theoretical methods predicting diffusion properties and viscosity in isotropic particle suspensions to low-salinity lysozyme protein solutions is tested. Using the interaction potential parameters previously obtained from static structure factor measurements, our results of Monte Carlo simulations representing seven experimental lysoyzme samples indicate that they exist either in dispersed fluid or random percolated states. The self-consistent Zerah-Hansen scheme is used to describe the static structure factor, S(q), which is the input to our calculation schemes for the short-time hydrodynamic function, H(q), and the zero-frequency viscosity η. The schemes account for hydrodynamic interactions included on an approximate level. Theoretical predictions for H(q) as a function of the wavenumber q quantitatively agree with experimental results at small protein concentrations obtained using neutron spin echo measurements. At higher concentrations, qualitative agreement is preserved although the calculated hydrodynamic functions are overestimated. We attribute the differences for higher concentrations and lower temperatures to translational-rotational diffusion coupling induced by the shape and interaction anisotropy of particles and clusters, patchiness of the lysozyme particle surfaces, and the intra-cluster dynamics, features not included in our simple globular particle model. The theoretical results for the solution viscosity, η, are in qualitative agreement with our experimental data even at higher concentrations. We demonstrate that semi-quantitative predictions of diffusion properties and viscosity of solutions of globular proteins are possible given only the equilibrium structure factor of proteins. Furthermore, we explore the effects of changing the attraction strength on H(q) and η. Published by AIP Publishing. https://doi
I. INTRODUCTION
Experimental and theoretical studies of sophisticated bioparticle systems have become an important part of soft matter science. In particular, the understanding of concentrated protein solutions has attracted much attention due to its importance for both biological systems and pharmaceutical industrial products. [1] [2] [3] [4] [5] [6] [7] [8] [9] [10] [11] [12] [13] [14] [15] [16] [17] However, arguably, it is still extremely challenging in colloidal science to accurately describe the structure and dynamics of concentrated protein solutions, as many proteins can have irregular shapes, complex proteinprotein interactions, and heterogeneous surface properties. Therefore, much effort has been devoted to study globular a) j.riest@fz-juelich.de b) godfrin@udel.edu proteins which can be approximated as spherical objects with isotropic interaction potentials, 2, 5, 6, 9, 12 through which useful insights can be obtained for more complex protein systems, such as monoclonal antibodies. [14] [15] [16] Among the various properties of protein solutions, there is recent interest in understanding the short-time diffusion coefficients, d s , and the viscosity, η, of concentrated protein solutions for both academic research and industrial applications. [4] [5] [6] 8, 11, 13 The short-time diffusion coefficients obtained by neutron spin echo (NSE) and backscattering techniques have been useful for understanding the cluster formation of protein solutions and corresponding viscosity. 4, 7, 13, 17 The prediction of viscosity of complicated protein solutions is critically important for the pharmaceutical industry to develop more effective drug delivery strategies for some cancer treatment therapeutic proteins. 14, 16, 17 Calculating d s and η has been extensively studied for colloidal systems with hard-sphere interaction. The viscosity 0021-9606/2018/148(6)/065101/12/$30.00
148, 065101-1 Published by AIP Publishing.
behavior of hard-sphere systems can be satisfactorily described by mode coupling theory (MCT). [18] [19] [20] [21] The change of d s in hard-sphere systems has been investigated both experimentally 22 and theoretically. 20 Short-time dynamics of charged colloidal systems with electrostatic repulsions have been examined using existing theories, which is compared with accelerated Stokesian dynamics (ASD) simulations to investigate the applicability and accuracy of various theoretical expressions. 23 However, despite the importance in calculating d s and η for protein solutions, there are very limited studies of using colloidal theories to understand protein solutions. At low salt concentrations, it has been shown that the interaction potential between bovine serum albumin (BSA) proteins can be well described by a hard-sphere potential with an additional electrostatic repulsion. 9 At this condition, the short-time diffusion coefficient of BSA proteins has been studied by quasi-elastic neutron scattering and is shown to follow the prediction of a system with purely hard-sphere interaction. 13 The experimental viscosity of BSA protein solutions has been used to examine different theories. 8 However, for many proteins in solution, it is common that the interaction contains both a short-range attraction and longrange electrostatic repulsion (SALR), such as in lysozyme and some monoclonal antibody protein solutions at low salt concentration. 1, 5, 11, 14 SALR systems demonstrate interesting solution structures, as the competition of the attraction and repulsion can introduce intermediate range order (IRO). 5, 24 Depending on different combinations of the attraction and repulsion contributions in protein solutions, different types of IRO structures can be introduced. 11, [25] [26] [27] [28] When the attraction has a very short range, which is the case for many protein systems such as lysozyme, a recent work has shown that there can be different liquid states including dispersed fluid states, clustered fluid states, random percolated states, and cluster percolated states. 29 Despite many interesting studies on SALR systems, there are very few studies on the short-time diffusion coefficients and viscosity behavior. In fact, studies on SALR systems of model colloidal particles have used micrometer sized particles and have mostly focused on the solution structures and the gelation/glass transitions. 25, 26 In contrast, the experimentaltheoretical study of protein solutions with a SALR interaction has mostly focused on short-time diffusion coefficients and solution viscosities, [4] [5] [6] [7] 12, 14, 16 with the salient hydrodynamic interactions (HIs) between the proteins being disregarded or strongly approximated in the theoretical treatments.
Only very recently, some of the authors of this paper have theoretically investigated the short-time dynamics of SALR systems with two-Yukawa potential interactions and HIs included. 30 This theoretical work for the first time demonstrated that an intermediate range order (IRO) peak can appear in the hydrodynamic function. Moreover, an unexpected non-monotonic temperature dependence of the mean particle sedimentation velocity was predicted theoretically for homogeneous systems.
In this paper, we test the previously developed theory to study the short-time dynamics and viscosity of lysozyme solutions, where the interaction has to be described by a short-range attraction and long-range repulsion. Using the experimentally obtained interaction potential parameters, we have first identified that the studied lysozyme samples are mostly in a dispersed fluid phase state, while some of the samples at low temperature and high concentrations are in the randomly percolated state. Using the corresponding structure factors, the hydrodynamic function, H(q), short-time diffusion coefficient D(q), and viscosity, η, are calculated and compared against experimental values for lysozyme solutions in the dispersed fluid state. We critically examine the accuracy and limitations of the current theoretical model applied to lysozyme samples. This work also provides theoretical insights into the peculiar experimental features typically observed in SALR systems.
II. THEORY AND EXPERIMENTAL METHODS
The theoretical methods 30 and experiments 11, 31 employed in this work have been reported in publications separately by some of us. Brief overviews are provided here for clarity and completeness since in this paper the theory is compared against the experimental results for the first time.
A. Interaction potential
Model interaction potentials such as the twoYukawa 3, 5, [28] [29] [30] [32] [33] [34] and the generalized Lennard-Jones Yukawa (LJY) 6, 29, 35, 36 potentials, respectively, have been widely used to describe the inter-particle potential in different phase states of SALR systems including the dispersed fluid, 4, 6, 7, [29] [30] [31] 36 clustered-fluid, 4, 6, 7, 29, 31, 32, 36, 37 random percolated, 6, 29, 31, 32 and glassy states. 6, 11, 25, 26, 31 In the present work, we use the hard-core plus two-Yukawa (HCDY) pair potential to represent the interaction for a SALR model system. The HCDY potential can be expressed as
where x = r/σ is the inter-particle center-to-center distance, r, in units of the particle diameter σ, and β = 1/k B T. Moreover, z 1 and z 2 determine the range of the attractive and repulsive Yukawa potential parts in units of σ, respectively, and K 1 and K 2 are the respective short-range attractive and long-range repulsive potential strengths in units of k B T. The depth of the attractive well (or the net attraction) is given by βV (x = 1 + )
B. Monte Carlo simulations
Microstructural properties of lysozyme samples are reproduced using Monte Carlo (MC) computer simulations 38, 39 consisting of 1728 particles in the NVT ensemble within the one-phase region and by employing periodic boundary conditions. Proteins are represented as spherical particles interacting isotropically via the hard-core plus two-Yukawa (HCDY) potential. Starting from a simple cubic lattice, each system is thermally equilibrated for 2 × 10 7 steps, after which thermodynamic and structural parameters were averaged over 4 × 10 4 independent configurations. The initial displacement distance of 0.1, where all distances are normalized by the
where ρ D is the mass density of D 2 O.
G. NSE experiments
Neutron spin echo experiments were performed on the IN-15 beamline at the ILL in Grenoble, France. Samples were prepared by following the procedure described earlier, then pipetted into 1 mm square quartz cells and stored in a custom temperature controlled sample chamber. All samples were thermally equilibrated for at least 30 min at each of the temperatures studied. For our experiments, the instrument was configured to obtain intermediate scattering functions 51 at correlation times up to 50 ns with 30-35 points for q range between 0.03 Å 1 to 0.20 Å 1 at each sample condition studied.
III. RESULTS
As previously shown, SALR systems can be in a dispersed fluid state, random percolated state, clustered fluid state, and cluster percolated state. 29 We therefore first identify the phase states of the studied seven lysozyme samples. Using the experimental potential parameters obtained previously, 11, 31 Monte Carlo computer simulations yield the cluster size distribution, N(s), from which the phase points of the seven samples can be determined. We then investigate here to what extent state-ofthe-art theoretical methods developed for spherical colloidal particles are capable of predicting the measured transport properties of lysozyme protein dispersions. In the calculation of the dynamic properties, we model the proteins as spherical with isotropic direct and hydrodynamic interactions, which allows for usage of our semi-analytic calculation methods by which the effects of varied interaction parameters such as the attraction strength can be easily studied. By comparing our theoretical predictions for an isotropic SALR model with experimental measurements on lysozyme solutions, we are in the position, first, to quantify and understand the limitations of the model and, second, to assess the importance of intra-and inter-protein structure (anisotropic shape and surface charge distribution and cluster formation, respectively) of lysozyme with respect to their dynamics. For a clearcut analysis of the theoretical predictions, we intentionally omit the usage of any fit parameter in the calculation of transport properties. The presented results can provide guidance for future theoretical and simulation studies and for future improvements and extensions of the employed theoretical methods.
A. Static properties
The equilibrium microstructure of the lysozyme samples addressed in the present paper has been investigated in earlier studies, using small angle neutron scattering (SANS), by part of the present authors. 11, 31 The resulting HCDY potential parameters and the volume fractions φ, intrinsic volume fractions φ L , and temperature T of the seven considered lysozyme solutions are taken from the previous results and listed in Table I for the convenience of discussions in this paper.
We restrict here our discussion of the S(q) data to features required for the experimental-theoretical comparison of transport properties presented in Sec. III B. Note that S(q) and g(r) constitute the only input to our semi-analytic methods for calculating H(q), D(q), and η.
The experimental structure factors S(q) (symbols) for the lysozyme systems under consideration are plotted in Figs. 1(a) and 1(b) based on the data given by Refs. 11 and 31. Both figures demonstrate the dependence of S(q) on temperature. The experimental S(q)'s of samples 1, 2, and 5 have a distinct IRO peak at q c σ ≈ 3. An IRO peak is indicative of intermediate range structural correlations of clusters and monomers coexisting in solution, which are hypothesized to influence the short-time dynamics. In contrast, samples 3, 4, and 6 show only a weak IRO peak or shoulder while no clear indication of an IRO peak is observed for sample 7. Although intermediate range order is weak or not present under these conditions, cluster formation is still expected to play a role in the corresponding short-time dynamics.
SANS data of lysozyme samples have been fitted using a two-Yukawa model with the modified reversed hybrid mean spherical approximation (rHMSA) closure to solve the Ornstein-Zernike equation with the implemented thermodynamic self-consistency. 11, 31, 40 Our structure factor calculations based on the ZH closure are in perfect agreement with those calculated with the modified rHMSA closure. Therefore, we directly take the values of the interaction potential obtained previously as the inputs to calculate the ZH closure structure factors which in turn are the inputs for our dynamical TABLE I. Solution conditions {temperature T, concentration, in wt. %, and intrinsic volume fraction, φ L [c.f. Eq. (14)]} of the considered lysozyme samples are listed with the employed parameter values of the HCDY potential, V (r) in Eq. (1), the volume fraction, φ, and the fraction (in %) of the MC generated representative configurations with a percolated cluster (rightmost column). Note that samples 5 and 6 marked in bold font are in a random percolated state. 29 All data except % is from Ref. 11. theoretical schemes. Shown in Figs. 1(a) and 1(b) are the theoretical calculations of S(q) (lines) using the parameters in Table I with the ZH scheme combined with the decoupling approximation by assuming spherical particles of hard-core diameter σ ≈ 30.74 Å. 52 For all samples except 2 and 5 (at 5 • C), the agreement between the theoretical curves of S(q) and the experimental data is good at q-values near and below the first peak in S(q), where the calculations are most sensitive to changes in the interaction parameters. However, the calculations shown for samples 2 and 5 still nearly quantitatively capture the observed q-dependence of the experimental data. Larger deviations are visible for all samples only at larger q-values, in the region around the second maximum of S(q) where the statistical error bars in the SANS data are quite large. Additionally, deviations between SANS data and theoretical structure factor curves at intermediate q-values can arise from the structural anisotropy of individual lysozyme proteins at high concentrations for which the decoupling approximation may not be valid any more.
The cluster size distribution (CSD) of the seven samples from our MC simulations are shown in Fig. 2(a) . We follow previously developed guidelines to analyze the phase state of a system according to the CSD obtained from MC simulations. 29 Samples 1-4 and sample 7 have a monotonically decreasing N(s) that is a characteristic of the monomer-dominated dispersed-fluid phase state where highly transient clusters are present in the system. Samples 5 and 6 are in the random percolated phase state, and their CSD functions show a characteristic peak near the total number of particles, N p = 1728. Small clusters (10 particles or less) have a fractal dimension of about 1.5, while all larger clusters have a consistent fractal dimension of about 2 (not shown here). Similar fractal dimensions of clusters in SALR systems have been reported. 53 With regards to the dynamics, it is important to note that the CSD calculated by connectivity does not necessarily represent dynamic clusters that can be measured with neutron spin echo. 5 For example, simple hard-sphere fluids show a similar monotonically decaying CSD to that found in the dispersed fluid state. 29 However, the "clusters" found in hard-sphere systems are merely statistical density fluctuations that dissipate over very short time scales.
The CSD is useful when combined with the nearest neighbor number distribution (NND) function, f (N), which is also included in Fig. 2(b) , to identify structural order internal to clusters. Here, f (N) is the average fraction of particles having N neighboring particles whose centers are located inside the attractive well range of the SALR potential. Except for the same at low concentration (1), peaks in f (N) are observed at N > 0 for all samples. In general, as T is lowered and φ increased, the NND functions in Fig. 2(b) are shifted to larger values, and under similar conditions, N(s) is shifted to larger cluster sizes. As clusters grow, a larger fraction of particles will be located on the inside of the cluster where neighboring particles are more prevalent. While any non-zero number of neighbors will affect the mobility of individual proteins, the influence will be minimal if the lifetime of those "bonds" is shorter than the diffusive time scale, τ d . Both the local and intermediate lengthscale structures, represented by the NND function and IRO peak formation, respectively, will influence the short-time dynamics by affecting the time scale of structural rearrangement. Structural heterogeneity of systems in phase states with strong IRO peaks provides a unique structural feature that can affect the dynamics of a system. One example from prior work is the observation of locally glassy behavior in very concentrated lysozyme samples at low temperature exhibiting IRO, where particle motion is sub-diffusive on the time scale of τ d but becomes diffusive over long time scales. These dynamic features are rationalized by the structural heterogeneity due to IRO, where locally dense regions are separated by low density voids that allow for largescale rearrangement over long time scales. 11
B. Short-time diffusion properties
Having determined the state diagram locations of the studied samples, the short-time dynamics in the form of H(q) of lysozyme samples are calculated using the S(q)'s discussed in Sec. III A, with focus on the samples in the dispersed fluid state. NSE measures the intermediate scattering function, S(q, t), from which the collective short-time diffusion function, D(q), can be determined from the initial slope of S(q, t). 5, 51, 54 Then, H(q) can be evaluated using the calculated S(q) by the relationship H(q) = D(q)S(q)/d 0 and compared with theoretical predictions.
The comparison of the NSE-determined H(q) of the lysozyme solutions with our BM-PA theory predictions based on the ZH-calculated g(r) and S(q) as input is presented in Fig. 3 . The experimental q-range is constrained here to the IRO peak region. Note that one significant advantage of the NSE method in comparison to dynamic light scattering (DLS) is a larger range of accessible wavenumbers and the ability to probe wavenumbers corresponding to the nearest neighbor and IRO distances.
Our theoretical results for H(q) in Fig. 3 Table I . Filled circles refer to the randomly percolated samples 5 and 6. Same color and symbol codes are used as in Fig. 2. particular the distinct IRO peak in the experimental H(q) at q c σ ≈ 3 that nicely confirms our earlier theoretical prediction of such a low-q peak of the hydrodynamic function in Ref. 30 . Note further that there is no adjustable fitting parameter used in the calculation of H(q). The quantitative agreement indicates that the theoretical BM-PA scheme used here can describe the dynamics of the SALR samples very well at relatively low concentrations.
With increasing φ, the theoretical predictions become qualitative, and the deduced H(q) is increasingly overestimated as compared with the experimental results. Yet, the calculated H(q) using BM-PA still reflects the most important trends observed in the experimental data, such as the q-values of the crossing points of the different curves. This holds even for the randomly percolated samples 5 and 6 and the hightemperature sample 7. In recent work by part of the authors 36 on a SALR dispersion different from the HCDY system considered here, the good accuracy of the hybrid BM-PA scheme has been shown in comparison with elaborate multi-particle collision dynamics simulations to persist for φ values extending at least up to φ ≈ 0.1.
In Fig. 4 , we compare the NSE results for the experimentally directly obtained short-time diffusion function, D(q), with our theoretical predictions. The agreement between theory and experiment is of similar quality as that for H(q) in Fig. 3 . In view of Figs. 1(a), 1(b 
), and 4, and owing to the small values of S(q) for low q-values (low osmotic compressibilities), the deviations in the H(q)'s between theory and experiment are amplified after the division by S(q).
Note that a source of inaccuracy in inferring d s from NSE measurements is the limited q-range probed experimentally. However, the oscillations both in the experimental and theoretical D(q)'s are small forc , with the statistical errors in the NSE-D(q) for larger q being comparable in magnitude to the amplitude of the theoretical D(q) at these wavenumbers. Here, q c is the wavenumber location of the IRO peak in S(q). In fact, earlier NSE measurements on lysozyme solutions covering larger q-values revealed basically a plateau in D(q) at large wavenumbers. 4, 7 Hence, we expect the inaccuracy in inferring d s from the large-q extrapolation of low-q experimental data using d s /d 0 = D(q → ∞), to be quite small. This leveling off Fig. 3 by the respective ZH-S(q) in Fig. 1(a) . Same color and symbol codes as in Fig. 2. of D(q) may be facilitated by the averaging over the distribution of the orientations of non-spherical particles (i.e., the orientational polydispersity), which can affect the measured (effective) S(q) and D(q) akin to size polydispersity, causing the damping of large-q oscillations. 8, 55 The differences between the theoretical predictions and the experimental results for H(q), visible in Fig. 3 , can be attributed to the inherent simplifications in our theoretical model, in which the non-spherical shape and patchiness of the lysozyme proteins have been disregarded. Note that the S(q)'s are overall well-described by the spherical HCDY model even for the larger φ values, and even for the two systems considered in the random percolated state, as it is visible in Fig. 1(a) and likewise in Refs. 5, 6, 31, and 35. This is due to the orientational averaging invoked in S(q). In contrast, the protein asphericities have a significantly stronger dynamic influence, which grows with increasing φ and decreasing temperature, owing to a stronger coupling of translational and rotational protein motion even for short times. This dynamic translationrotation coupling slows the collective diffusion on lengthscales 2π/q characterized by H(q), and it significantly contributes to the overestimation of the experimental H(q) by the theoretical predictions, which are based on the isotropic pair potential in Eq. (1) and isotropic hydrodynamic no-slip boundary conditions. In this context, using computer simulations, Bucciarelli et al. 56 
FIG. 4. NSE results for the experimentally directly accessible diffusion function, D(q) (circles), in comparison with theoretical predictions (solid lines). The theoretical D(q) is obtained from dividing the BM-PA calculated H(q) in
This approximate equality is suggestive of strong correlations in the dynamics of neighboring particles due to rotational self-diffusion. 57 Such a peculiar behavior is not observed in suspensions of charged colloidal particles, where 1/d r has a weaker φ-dependence than η and 1/d L . 58 The formation of large percolated or non-percolated clusters in the lysozyme solutions studied here at larger φ and lower T has an additional (slowing) influence on short-time diffusion properties that is not adequately captured by our simple spherical model where the pair distribution function, g(r), is the only microstructural input. While some additional microstructural information is included in N(s) and f (N) as discussed before, these global equilibrium distribution functions can only provide hints on how diffusion is dynamically influenced by the presence of clusters. An enhanced hindrance of collective diffusion [i.e., an overall smaller H(q)] can be expected to occur with increasing mean cluster size and number of next neighbors. Additionally and quite importantly, however, the shape of H(q) is distinctly influenced by the distribution of cluster shapes and their densities, their intra-and inter-cluster dynamics, and here in particular the distribution of cluster lifetimes. Multiparticle collision (MPC) dynamics simulations in Ref. 36 performed for a SALR dispersion model of spherical Brownian particles interacting by a generalized Lenard-Jones-Yukawa potential show that the smaller clusters change their shape significantly on a time scale comparable to τ d , indicating that the dynamics of cluster phases cannot generally be described by a polydisperse mixture of rigid clusters. For compact clusters having many next neighbor contacts, genuinely non-pairwise additive many-particle HIs also come into play, which are not adequately described by the BM-PA scheme with the d s part treated as pairwise additive. A quantitative exploration of the aforementioned dynamic influence of the cluster shapes and dynamics on collective diffusion is a demanding task that should be addressed in a future dynamic simulation study for which the present work can provide guidance.
C. Low-frequency viscosity
The zero-frequency (low-shear rate) viscosity is calculated as the sum η = η ∞ + ∆η. In contrast to H(q), D(q) and the high-frequency viscosity part η ∞ , η is a long-time dynamic property influenced additionally by relaxation (memory) effects embodied here in the shear stress relaxation viscosity contribution ∆η. We compare our theoretical predictions for η, obtained using the PA scheme for η ∞ and the simplified mode-coupling theory expression in Eq. (12) for ∆η, with earlier measurements of the lysozyme solution viscosity taken from Refs. 11 and 31.
Interestingly, as shown in Fig. 5 , our hybrid MCT-PA method results for η are in reasonable agreement with the experimental viscosity measurements, in particular at smaller φ. From our PA method theoretical results for η ∞ depicted in the inset of Fig. 5 , and in view of ∆η = η η ∞ , we see that the increase of η with increasing φ is mainly due to the shear relaxation viscosity part ∆η. We further note that η ∞ is quite insensitive to changes in the pair potential caused by FIG. 5 . Experimental data for the normalized zero-frequency viscosity, η/η 0 (circles), as a function of the lysozyme intrinsic volume fraction φ L [c.f. Eq. (14) and Table I] , and compared with first-iteration MCT-PA theoretical predictions (crosses). In addition, the PA-calculated normalized highfrequency viscosity, η ∞ /η 0 (squares), is shown in the inset. Note that ∆η = η η ∞ is the shear relaxation viscosity part. In the present figure, a few systems in addition to the ones discussed regarding S(q) and H(q) are included. Experimental data for η are taken from Refs. 11 and 31. The samples in the random percolated phase state for which φ L 0. temperature variations. This is in line with the general observation that ∆η is more sensitive to the interaction parameters than η ∞ . 48 As one expects, the viscosity is largest for the lowest considered temperature, and it grows strongly with increasing φ in particular for the random percolated cluster systems. This viscosity enhancement is not adequately described by our simple model. Notwithstanding these limitations, the first-order MCT expression in Eq. (12) combined with the PA expression for η ∞ is seen to be a valuable and easy-to-implement tool for the calculation of η, giving results in reasonably good agreement with experimental viscosity data for solutions in the dispersed-fluid phase state at small to intermediately large concentrations.
D. Influence of varying attraction strength
To explore in more detail the interplay of short-range attraction and long-range repulsion on the structure and dynamics of the considered systems, we focus here on the effect of adding attraction to an initially purely repulsive pair potential. This is accomplished by enlarging the attraction strength, K 1 , in the HCDY potential stepwise from zero to its full value given in Table I , while all other parameters including the ranges of repulsion and attraction are kept constant. For samples 1 and 6, the respective theoretical predictions for g(r), S(q) and H(q) are shown in Fig. 6 , and the theoretical predictions for η and its high-frequency and shear relaxation parts are included in Fig. 7 . As argued earlier, while the theoretical results for the dispersed-fluid sample 1 can be expected to be quantitative, the results for the random percolated system 6 are only qualitative but remain useful for identifying general trends.
Consider first, as shown in the figure parts (a) and (b) of Fig. 6 , the changes in the ZH-calculated g(r) induced by increasing stepwise the attraction strength. In the limiting case of zero attraction, in (b) there is a well-developed first-neighbor shell peak visible at r/σ ≈ 0.8 induced by the long-range Yukawa repulsion. Owing to the low concentration, the nextneighbor peak in (a) is quite shallow and situated at a larger pair distance than that in (b). In both cases, there is non-zero relative probability [i.e., a non-zero contact value g(σ + ) > 0] of finding particle pairs in contact. The contact value of g(r) rises sharply FIG. 6 . Influence of varying the attraction strength from zero to its full value 1.0 × K 1 given in Table I, for Table I except for K 1 which is varied.
with increasing attraction strength, to the value 14.0 in (a) and 15.0 in (b) when the full strength 1.0 × K 1 is attained. While φ ≈ 0.04 in (a) is quite small, the g(r) attained for full attraction strength is distinctly different from the zero-concentration form g 0 (r) = exp{V (r)} (dotted line), which has a contact value of 5.8 in (a) and 10.9 in (b). In the g(r) of the concentrated sample 6 in (b), the first next-neighbor shell maximum at r/σ ≈ 1.3 gradually changes into a minimum with increasing attraction strength, reflecting the buildup of a particle depletion zone next to the attraction-enhanced next-neighbor contact layer. Additionally, a characteristic small peak at r/σ = 2 develops with increasing attraction quantifying the attraction-induced tendency of finding an in-line configuration of three touching particles.
The corresponding changes in S(q) induced by adding short-range attraction are depicted in figure parts (c) and (d), respectively. As shown, an IRO peak of S(q) develops with increasing attraction strength [i.e., a low-q shoulder at qσ ≈ 3 in the case of (b)] that replaces the diminishing principal peak of the purely repulsive reference system with 0 × K 1 that is located at a larger wavenumber. Notice here the attractionindependent isosbestic points of S(q) where the structure factor curves for different attraction values intersect. While in general the undulations in S(q) are reflected in those of H(q) with the latter having smaller amplitudes, owing to the significant decrease of the short-time self-diffusion coefficient d s with increasing attraction strength [c.f. the large-q values of H(q) in figure parts (e) and (f)], there are no corresponding isosbestic points in the depicted hydrodynamic functions. Moreover, the low-q shoulder of H(q) in (f) at qσ ≈ 3 is less pronounced than the corresponding low-q structure factor shoulder in (d). The formation of (transient) dimers and clusters of several particles with increasing attractions causes the sedimentation coefficient K = H(q → 0) to increase since the hydrodynamic friction by backflowing fluid is reduced. And indeed, a small to moderately pronounced increase of H(0) is observed in (f) and (e), respectively.
According to Figs. 7(a) and 7(b) including our theoretical viscosity predictions for samples 1 and 6, respectively, the PA calculated high-frequency viscosity η ∞ increases only weakly, and monotonically, with increasing attraction strength K 1 . In contrast, the MCT-calculated shear-relaxation viscosity part, ∆η, decreases mildly at smaller K 1 values, but when K 1 is further enlarged, it becomes significantly enhanced (see insets). The slightly non-monotonic attraction-strength dependence of ∆η is reflected in a correspondingly nonmonotonic K 1 dependence of the zero-frequency viscosity η (filled circles).
IV. SUMMARY AND CONCLUSIONS
We have assessed the applicability of our semi-analytic methods for calculating dynamic properties and viscosity of globular particle dispersions by comparison to experiments on lysozyme solutions. These methods directly relate bulk diffusion and viscosity to the structure factor without additional inputs. We find a favorable comparison between our theoretical predictions of H(q), D(q), and zero-frequency experimental viscosity data for η with the experimental results. This comparison is made without invoking any fit parameter.
There is a clear quantitative agreement between the BM-PA H(q) and the experimental data observed at the lowest considered concentration. At larger φ, qualitative agreement is still maintained even though the quantitative agreement is lost. The experimental-theoretical deviations in D(q) and H(q) can be attributed to the neglect of asphericities in the shape and associated electrostatic interactions of proteins and (transient) protein clusters in the theory, as well as to the disregarded patchiness of the short-range attraction contribution, which for larger concentrations lead to a strong coupling of the rotational and translational particle and cluster dynamics. Our findings are in line with earlier experimental work 57 on lysozyme solutions, where a d r ∝ 1/η scaling is observed for the lysozyme solutions, but not for spherical colloidal particles with isotropic interactions. The strong influence of particle surface patchiness on short-time diffusion was highlighted recently in a joint experimental-simulation study of the cage-diffusion coefficient D(q m ) of γ B -crystallin. 56 The authors of this study show that patchy attractive interactions give rise to smaller values of D(q m ) than those observed for isotropic attractive interactions of comparable strength, which is consistent with our theoretical prediction for the diffusion being faster than experimentally observed.
Quite unexpectedly, our theoretical predictions for the zero-frequency viscosity η are in reasonably good agreement with rheological data for lysozyme solutions, showing that the employed simplified MCT-PA method is an efficient and easy-to-implement tool for viscosity calculations of globular protein solutions even with pronounced intermediate range order. Lysozyme-specific anisotropic interactions, disregarded in our spherical model, are seen to be more influential on short-time diffusion properties than on the shear viscosity, with the latter including also long-time (shear stress relaxation) contributions.
While being approximate, a virtue of the theoretical model presented here is its analytic simplicity that allows for a straightforward identification of trends in the structure, shorttime diffusion, and rheology of globular protein solutions in their dependence on the different interaction and system parameters. We have demonstrated this by considering the effects of a gradual increase of the strength K 1 of the shortrange attraction contribution, in particular, regarding H(q) and the solution viscosity η where for the latter a slightly non-monotonic K 1 dependence is predicted.
Finally, a few comments on the expected cluster relaxation dynamics are in order here. In a recent simulation study 36 where some of the present authors were involved, the intra-cluster dynamics and its inter-relation with the full solution dynamics are explored to some extent, for SALR-LJY model systems belonging to the cluster-fluid and dispersedfluid phases. According to this MPC simulation study where the salient HIs are fully accounted for, the reversibly formed clusters undergo pronounced conformational and size changes within a time span of a few τ t extd values. The intra-cluster dynamics and lifetime and the solution dynamics as a whole are significantly influenced by the HIs, which are not screened inside the dynamic clusters. The simulations yield for the cluster-fluid phase systems significantly smaller H(q) values than for the dispersed-fluid phase systems, and a distinctly stronger increase of the mean cluster lifetime with increasing strength of attraction between the particles. While the simulation results in Ref. 36 are for LJY spherical particles only, the same qualitative behavior can be expected for the HCDY systems considered in the present theoretical treatment. Systems in the random percolated phase state, and the effects of non-sphericity and surface patchiness of globular proteins, are not considered in Ref. 36 . A clear distinction and comprehensive quantification of particle non-sphericity and patchiness effects and of cluster dynamics effects on protein diffusion and rheology in different equilibrium and non-equilibrium SALR phases have to await future (hydro)-dynamic simulations and theoretical studies where these effects will be individually included and explored. Our plan is to perform such studies in the future and to generate benchmark simulation results for theoretical studies using more detailed non-spherical models.
